In imaging of turbid biological samples using optical techniques, optical clearing methods can compensate for the lack of light penetration due to strong attenuation. The addition of optical clearing agents into scattering media increases the optical homogeneity of the sample and reduces its turbidity, allowing for the increased light penetration. In this study we investigated the extent of optical clearing in porcine skin by utilizing various concentrations of glucose solution. A goldplated mirror was fixed beneath the tissue and percentage clearing was determined by measuring the change in intensity of optical coherence tomography light returning from the mirror over time. A ratio of percentage clearing per tissue thickness for 10%, 30%, and 50% glucose was determined to be to be (4.7 ± 1.6%) mm -1 (n = 6), (10.6 ± 2.0%) mm -1 (n = 7), and (21.8 ± 2.2%) mm -1 (n = 5), respectively. Although the extent of optical clearing in porcine skin was more significant for 50% glucose, the osmotic stress on the sample can cause considerable morphology change, thus a suitable concentration must be chosen for particular circumstances.
INTRODUCTION
The optical turbidity of tissues, such as mammalian skin, is mainly caused by the refractive index (RI) mismatch between the intracellular and the extracellular components of a cell 1, 2 . The different constituents of skin such as melanin (RI = 1.7), collagen (RI of fully hydrated = 1.43), adipose tissue (RI = 1.46), cellular nuclei (RI = 1.39-1.41) and interstitial fluid (RI = 1.34) make the dermis and the epidermis regions to be highly scattering in NIR spectral region 3, 4 . In addition, skin contains a highly scattering superficial layer of stratum corneum, which also reduce the amount of light reaching the deeper layers of the tissue. Due to these reasons, the light beam attenuates considerably before it reaches deeper regions of regions of the tissue, thereby reducing the imaging depth of optical systems.
Recent studies have aimed at altering turbid tissues into more optically homogenous media while maintain their internal structures to enable deeper light penetration 2, [5] [6] [7] . This process is termed as optical clearing. Optical clearing can be performed using a chemical compound known as optical clearing agent (OCA) with distinct osmotic properties, such as glucose and glycerol. Diffusion of OCA through a tissue causes it to replace water due to osmotic effects 3, 8 . This process results in matching of the refractive index between the intracellular and extracellular components of the tissue, leading to a reduction of its scattering coefficient. Previous studies have provided the potential of OCAs and their diffusion characteristics through various tissues such as the cornea, sclera, vasculature and skin 2, [9] [10] [11] [12] [13] [14] . The aim of this study was to determine the extent of optical clearing in porcine skin, by using various concentrations of glucose in saline. Using a swept-source OCT (SS-OCT) system, a gold-plated mirror fixed beneath the tissue was imaged for 3 hours to measure the change in reflected light intensity (RLI) from the mirror. The clearing of the sample was correlated to the change in RLI and then proportioned to the thickness of the imaged samples.
Materials and Methods

SS-OCT System
Swept-source OCT (SS-OCT) system (Figure 1 ) used in this study consisted of a broadband swept-source laser (Thorlabs, SL1325-P16) with a wavelength range of (1325 ± 50) nm, corresponding to an axial resolution of 9 µm (in air). With an average output power of 10 mW, the laser sweeps at a frequency of 16 kHz. The imaging depth of the system is 3 mm (in air) and has a transverse resolution of 15 µm. The SS-OCT system employs a balanced photodetector (Thorlabs, PDB140C) which detects the interferogram produced by back-reflected light from the sample arm and the reference arm of the Mach-Zehnder interferometer (MZI). A separate MZI clock has also been used for linear k-space calibration. A 2D image comprising of 512×512 pixels spanning 1×3 mm along x and z axis respectively, is acquired by transverse scanning with galvanometer-mounted mirrors. 
Tissue Preparation and Imaging
Frozen porcine ears were obtained from a local market, thawed, cut into 1 cm 2 squares, and stored in saline to prevent dehydration. The epidermis, dermis, and a thinned layer of subcutaneous fat were preserved in the samples. Prior to imaging, custom gold-plated 5×5 mm 2 mirrors were fixed beneath the tissues. The tissue-mirror setup was submersed in room temperature saline solution for 30 min to allow the tissue to equilibrate with its environment. The setup was imaged, ensuring the presence of the mirror, first for a period of 10 min, in order to obtain a baseline, and then for approximately 3 hrs. Following the 10 min baseline, the saline emersion solution was removed and replaced with 10%, 30%, or 50% glucose solution in saline. For control experiments, the initial saline emersion solution was replaced with a fresh volume of saline. All solutions were qualitatively measured to the point of fully submersing the setup, and covered with a thin layer of mineral oil to prevent evaporation during imaging. Imaging was recorded at 10 second time intervals.
Data Processing
A MATLAB algorithm was used to detect the maximum intensity within a certain depth region, at which the presence of the mirror is known, in each A-scan within a single 2D image. The maximum intensity of each A-scan was averaged to obtain a single intensity value corresponding to each 2D image (each 10 sec interval in time). The intensity values obtained for one trial, excluding the baseline, were normalized to the minimum. The normalized values were fitted using an exponential plot in the form I(t) = A(1-e -Bt ), where I is average intensity, A and B are fit parameters, and t is time.
Control experiments were fitted using a linear plot in the form I(t) = At +B. The mean value and standard deviation of intensity for each 10 sec interval was calculated from n trials of each glucose concentration and control experiment. Percent clearing of each trial was calculated from the percent difference of the initial and final intensity values.
Results
The effect of optical clearing using different concentrations of glucose solutions is presented in Figure 2 . The control experiments (Figures 2a-d It is also observed from the figures that the scattering in upper layers has reduced owing to optical clearing which causes these layers to appear less intense. These visual changes in gold mirror intensities clearly suggest that higher concentrations of glucose solutions possess higher optical clearing potency.
To further investigate the results, all the A-lines of a 2D image were averaged and the intensity of the gold mirror was tracked over the duration of the experiment. Typical result from a single experiment using 50% glucose solution is presented in Figure 3a . It is observed from the figure that intensity remains constant prior to addition of glucose solution, as expected, and increases exponentially after the addition of glucose solution suggesting that the upper layers are being optically cleared. To study the changes in intensity, the data after addition of glucose was fitted with an exponential fit as described earlier. The exponential fit of data presented in Figure 3a is depicted in Figure 3b .
The exponential fits from different experiments of a particular concentration were averaged resulting is averaged A and B coefficients of the exponential fit. Figure 4 shows graphs of the averaged exponential fit plots for each glucose concentration experiments, and the averaged linear fit plot for control experiments. The average values of the parameter A, which indicates the saturation value of intensity, for 50%, 30% and 10% glucose solution were obtained to be 41 ± 9 dB, 15 ± 4dB and 4 ±2dB respectively. The corresponding averaged values of parameter B, which indicates the time taken for saturation is obtained to be 0.0012 ± 0.0005 min -1 , 0.032 ± 0.033 min -1 and 0.043 ± 0.018 min -1 respectively. The results clearly indicate that 50% glucose solution has the highest optical clearing effect and it requires maximum time to reach the saturation value.
The extent of optical clearing by the diffusion of various concentrations of glucose as an OCA was determined by calculating the percent difference in the initial and final intensity values of the gold mirror imaged. The proportion of percentage clearing to the thickness of the tissue sample, outlined in Table 1 , indicate that 50% glucose concentration had the most significant optical clearing effect, followed by 30% and 10%.
Discussion
The change in the intensity of the scattered light within the tissue indicates the effect of optical clearing using glucose as an OCA. Initially, the epidermal layer of the porcine skin tissue sample scattered the majority of the light, preventing the imaging of underlying layers. After addition of glucose, the effect of optical clearing caused the scattering at the epidermal layer to diminish. Consequently, more photons reach deeper depths causing the scattering of underlying layers to increase. The decrease in the thickness of the tissue sample during the imaging period is attributed to the osmotic effect in response to the addition of glucose in to the emersion solution. Quantification of the extent of optical clearing, depending on the concentration of glucose used, determined that a 50% glucose concentration has a 5-fold increase in percent clearing (normalized to tissue thickness) after 3 hours, as opposed to 10% glucose concentration. Percent clearing can be correlated to the percent difference of the reflected light from the gold-plated mirror, since optical clearing has a direct effect on the amount of light penetrating to the highly reflective mirror surface.
Concentration % Optical Clearing (mm -1 ) 10% glucose 4.7 ± 1.6% 30% glucose 10.6 ± 2.0% 50% glucose 21.8 ± 2.2% Table 1 : Percent optical clearing normalized by the thickness of the porcine skin tissue sample used in each trial.
Conclusion
These results verify the capability of OCT to continuously monitor the optical changes occurring in samples during optical clearing. Higher concentrations of an OCA can enhance the penetration depth of light into turbid tissue; however, physiology and morphology may change due to the induction of osmotic stress on the tissue. Further studies will be performed to quantify the most effective glucose concentration in biological tissues.
